Overall Objectives

Technical Targets
Technical targets are presented in Table 1 . 
Ultra-Low Catalyst Loading
This project is developing methods to reduce the amount of platinum group metals (PGMs) used in the MEA, reducing the sensitivity to market fluctuations in precious metal costs. At today's precious metal prices, these advancements enable the following progress in capital cost of hydrogen: 
INtroduCtIoN
Proton OnSite has worked over the past several years to significantly reduce the cost of hydrogen production via proton exchange membrane (PEM) electrolysis. With progress made on the cost of the flow field/bipolar plate assembly, the MEA is currently the most expensive single component of the electrolysis cell. An important portion of MEA cost is related to the prices of PGMs, which are high and may rise with demand due to limited natural resources. Based on current noble metal prices, the catalyst represents half of the MEA cost. Recently, however, efforts have demonstrated that significant reductions in catalyst loading are feasible.
The high percentage of catalyst cost for electrolysis reflects the fact that MEA technology has lagged significantly behind fuel cells, for several reasons. First, the capital cost of electrolysis is already competitive in high purity industrial hydrogen applications for commercial viability, reducing the urgency of immediate change until the energy markets are more mature. Second, there has been resistance to the use of supported catalysts in electrolysis applications, because performance limitations have been noted on the cathode at fuel cell Pt loadings, and carbon supports are not stable on the anode side of the electrolysis cell. Finally, most manufacturing processes for electrolysis electrodes are still highly manual and require high loadings in order to achieve uniform catalyst distribution. This project leverages core shell catalyst structures developed for fuel cells by Brookhaven National Laboratory and application methods for improved utilization to reduce the catalyst loading by an order of magnitude or more.
APProACH
In this project, catalyst structures developed by Brookhaven National Laboratory for fuel cells were investigated for use in electrolysis. These types of materials have achieved a large amount of attention due to their high mass activity, enabling ultra-low loading of PGMs for fuel cell MEAs. However, the conditions for electrolysis are more aggressive than in the fuel cell, and require modifications of the approach in order to translate technology from one device to the other. The Phase 1 Small Business Technology Transfer scope included advancement of initial feasibility studies on the cathode to define a durable and reproducible electrode configuration with equivalent performance to the production baseline. For the anode, the goal was to show feasibility for similar loading reductions, with more substantial development in Phase 2.
The approach to improving activity and reducing loading on the cathode (hydrogen production) side of the cell involves two steps; 1) increasing the catalyst specific surface area by synthesizing sized-controlled, core-shell nanocatalysts, and 2) achieving better utilization with a more effective GDE structure. Several GDL types and catalyst supports are being evaluated to determine the optimal interface for catalyst deposition while maintaining the required transport properties for electrolysis as well as the optimal formulation of catalyst, support, and ionomer for high utilization. Durability of the new electrode structures will be performed in commercial stack hardware. Scale up of the catalyst manufacturing process will then be performed and cost analysis documenting the savings through the new process will be provided to DOE.
rEsuLts
For the cathode, improvements were made in the synthetic process for core shell catalysts, specifically on the PtRu system. Previous methods had produced a Ru-rich core and Pt-rich shell, but there were defects in the structure, causing partial alloying. In the Phase 1 project, atomiclevel perfection was achieved in synthesizing core-shell electrocatalysts via green chemistry, using ethanol as the solvent and reductant without capping agents and templates. Figure 1 shows transmission electron microscopy data and schematics illustrating the improvement.
In addition, Brookhaven needed to develop a fast and sensitive technique for screening electrode configurations at the bench level, to conserve materials for larger scale testing to evaluate structures which had already shown promise at the screening level. A GDE hanging strip method was developed, in which the catalyst, support, and gas diffusion electrode material could be tested at a small but representative scale. In addition, this technique did not have the mass transport limitations of typical rotating disk electrode experiments. In general, the results translated well to full cells, except for any effects due to insufficient conductivity between the GDE and the membrane, which were not predicted in the acidic solution test.
Once the catalyst synthesis and catalyst-support systems were defined, samples were sent to Proton for screening at the 25 cm 2 level. Initial testing was performed in a nonproprietary test cell which Proton has used with several partners, in order to establish consistent and accessible benchmarks for electrolysis performance. Proton has developed techniques to test full and half MEAs and GDEs. This test cell is also simpler and faster to assemble than a full-scale commercial cell. While it cannot be operated at pressure and is not designed for long-term testing, it has been shown in other projects to yield very good predictions of performance. Several configurations were tested based on the Brookhaven cathode samples, with representative results shown in Figure 2 . A Proton anode was used in all cases. The best performing samples were able to achieve equivalency to the Proton cathode, at 2% of the catalyst loading.
Based on these results, a final set of samples was created in Proton's commercial electrode format for durability testing. A three-cell stack in Proton's commercial GC format was built, using one baseline cell and two cells containing the Brookhaven-fabricated samples. All three cells operated at 2 A/cm 2 for 500 hours without measureable voltage decay, with the Brookhaven cells demonstrating performance within 0.03 V of the baseline cell.
For the anode, the GDE approach is somewhat more challenging, first because carbon-based support materials cannot be used in the formulation, and second because the porosity of the anode is designed for water flow, not gas flow. However, Proton provided GDL samples to Brookhaven for process trials, and GDE samples were successfully fabricated using unsupported core shell catalysts. While there is still room for optimization of catalyst composition and application method, the initial trials demonstrated near equivalent performance to the Proton baseline (Figure 3) . These samples utilized 10-15% catalyst loading vs. Proton's internal baseline. The anode will be a focus area of the Phase 2 project. 
